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Abstract 

We consider a non-supersymmetric extension of the standard model with a family symmetry 
based on D§ x Z2 x Z2, where one of i^'s is exactly conserved. This Z2 forbids the tree-level 
neutrino masses and simultaneously ensures the stability of cold dark matter candidates. From 
the assumption that cold dark matter is fermionic we can single out the Dq singlet right-handed 
neutrino as the best cold dark mater candidate. We find that an inert charged Higgs with a mass 
between 300 and 750 GeV decays mostly into an electron (or a positron) with a large missing 
energy, where the missing energy is carried away by the cold dark matter candidate. This will be 
a clean signal at LHC. 

PACS numbers: 14.60.Pq, 95.35. +d,H-30.Hv, 12.60.Fr, 12.15.Ff 
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I. INTRODUCTION 



It is now clear that the standard model (SM) has to be extended at least in two ways: 
Neutrino masses [l| and cold dark matter (CDM) Q have to be accommodated. Since 
neutrinos are a part of dark matter the nature of cold dark matter and neutrinos may 
be somehow related. A natural possibility to connect apparently unrelated physics is a 
symmetry. By introducing an unbroken discrete symmetry, for instance, we can make a 
weakly interacting neutral particle stable so that it can become a CDM candidate, while 
making this discrete symmetry responsible for the smallness of neutrino masses. Proposals 
alongthis line of thought have been suggested in refs. 3), Q, 0, @, 0] . The basic idea of refs. 
[3I, UEI is to introduce an unbroken Z 2 symmetry to forbid tree-level neutrino masses and to 
assign an odd Z 2 parity to CDM candidates. For this mechanism to work, one introduces an 
additional SU(2) L doublet Higgs, which does not acquire VEV js], along with right-handed 
neutrinos. We will adopt this idea in this paper. However, the introduction of an additional 
Higgs doublet and the right-handed neutrinos into the SM introduces additional ambiguities 
in the Yukawa sector. Because of these ambiguities, it would be difficult to make quantitative 
tests of this idea, except may be the existence of the additional Higgs particles which could 
be found at LHC. 

A natural guidance to constrain the Yukawa sector is a flavor symmetry 1 . In this paper 
we would like to consider a nonabelian discrete symmetry D 6 , which is one of the dihedral 
groups Dpj. The smallest dihedral group is D 3 which is isomorphic to the smallest nonabelian 



group S3. Z) 4 has been used as a f 



avor symmetry in refs. 12, ]l3|, ll4j, while D 5 and D-j have 



been considered in refs. 15|] and [16(, respectively. We will consider a non-supersymmetric 
extension of the SM, which possesses a flavor symmetry based on Dq x Z 2 x Z 2 , where Z 2 is 
exactly conserved and D 6 x Z 2 is spontaneously broken by the VEV of the SU (2)l doublet 
Higgs fields. The unbroken Z 2 ensures the stability of the CDM candidate and at the same 
time forbids the tree-level neutrino masses, while Z 2 is responsible for the suppression of 
FCNCs in the quark sector. The D 6 assignment is so chosen that the leptonic sector of 
the model is made predictive as possible without having contradictions with experimental 
observations in this sector: There are eight independent parameters to describe six lepton 
masses, and three mixing angles and three CP violating phases of the neutrino mixing matrix 
Vmns- This will be discussed in Sect. Ill, where we will calculate the radiative neutrino mass 
matrix 



17|. 



The \x — > ej amplitude in our model does not vanish 181 ] . We will investigate it in Sect. 
IV, making it possible to single out the best CDM candidate, once we assume that CDM is 
fermionic. The fermionic CDM candidate is the D 6 singlet right-handed neutrino. Its mass 
and the masses of the additional Higgs fields are constrained by fi — > c-f and the observed 
dark matter relic density. In Sect. V we will plot these masses from various aspects. It will 



1 Recent flavor models are reviewed, for example, in [3, LL0| and 11 1 
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turn out, among other things, that the Dq singlet inert charged Higgs with a mass between 
300 and 750 GeV decays mostly into an electron (or a positron) with a large missing energy, 
where the missing energy is carried away by the CDM candidate. They are within the 
accessible range of LHC 19j. Sect. V is devoted to summarizing our findings. 



II. THE MODEL 

A. Dq group theory 

The dihedral groups, (N = 3, 4, . . . ), are nonabelian finite subgroups of SO (3), where 
all the irreps. of are real, and there exist only two- and one-dimensional irreps 20j, [23] 
2 . The irreps of D 6 are 2, 2', 1, 1', 1", 1'", and the group multiplication rules are given as 
follows 



20 



1' X 1' = 1" X l" = V" X 1'" 

1' x V" = 1", 1' x 1" = 1"' . 



1, 1" x 1' 



1'. 



The Clebsch-Gordan coefficients for multiplying the irreps are 23| 

V + 1 + 

= (aril/2 - a?2j/i) (^lS/i + ^22/2) 



2 


X 


2 




X 


(» 




£2 J 




V V2 



2' 

xiyi - x 2 y2 



(1) 



2' 


X 


2' 


ai 1 








x 




02 y 




\ b 2 



1 + v + 

(d&i + a 2 6 2 ) (ai6 2 - a 2 6i) 



2' 

-ai&i + a 2 6 2 
ai& 2 + fl2&i 



2 


X 


2' 






( ai 




X 




%2 ) 




\ a 2 



+ 



1" 



+ 



xiai + x 2 a 2 

X\d 2 — X 2 &\ 



= (x\a 2 + x 2 di) {x\&i — x 2 a 2 ) 
In what follows we will use these multiplication rules to construct a flavor model. 

B. The Lepton Yukawa interaction 

The Yukawa sector of the SM contains a large number of independent parameters. We 
would like to reduce this number to as few as possible by a symmetry argument and then to 



in refs. 



23 and 



roup 01 

0B, 



2 The "covering group" of Dn is Q2N 2l|, which contains complex irreps. Q4 and Qq have been considered 



respectively. 
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understand the flavor structure in terms of the symmetry. In the following discussions we 
will concentrate on the leptonic sector of a non-supersymmetric model. 

As we will see below, it is possible to construct a model with a family symmetry based on 
D^x^x^, in which (1) the neutrino mass matrix M. v contains only four real parameters, 
(2) the maximal mixing of atmospheric neutrinos follows from the family symmetry, and (3) 
the absolute value of the e — 3 element of the neutrino mixing matrix Vmns can be expressed 
in terms of the charge lepton masses. The leptons L,e c ,n and SU(2)l Higgs doublets 0, 77 
belong to irreducible representations of D$, and we give the Dq x Z 2 x Z 2 assignment in 
Table I and II. Z 2 x Z 2 is an abelian factor which we impose on the model, where Z 2 shall 
remain unbroken after the spontaneous symmetry breaking of SU(2) L x U(l)y- We use the 
two component notation for the Weyl spinors in an obvious notation, where e c 's are the 
charge-conjugate states of the right-handed electron family. Under Z 2 (which plays the 
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TABLE I: The D§ x Z 2 x Z 2 assignment for the leptons. The subscript S indicates a D§ singlet, 
and the subscript I running from 1 to 2 stands for a Dq doublet. L's denote the 5C/(2)i-doublet 
leptons, while e c and n are the 5C/(2)i / -singlet leptons. 
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TABLE II: The D 6 x Z 2 x Z 2 assignment for the SU(2) L Higgs doublets. 



rolle of R parity in the MSSM), only the right-handed neutrinos ns,ni and the extra Higgs 
r/s, rji are odd. The quarks are assumed to belong to 1 of D e with (+, +) of Z 2 x Z 2 so that 
the quark sector is basically the same as the SM, where the D e singlet Higgs <ps with (+, +) 
of Z 2 x Z 2 plays the rolle of the SM Higgs in this sector. No other Higgs can couple to 
the quark sector at the tree-level. In this way we can avoid tree-level FCNCs in the quark 
sector. So, Z 2 is introduced to forbid tree-level couplings of the D 6 singlet Higgs <ps with the 
leptons and simultaneously to forbid tree-level couplings of (f>i,r)i and i] S with the quarks. 
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The most general renormalizable D 6 x Z 2 x Z 2 invariant Yukawa interactions in the 
leptonic sector can be described by 

C r = E [Y: b d (L a ta 2( j> d )et + Y£tf d L a )n b ] - £ ^ - l -M s n s n s + h.c.(2) 

a,b,d=l,2,S 1=1,2 

The Yukawa matrices Y's are given by 
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C. The scalar potential and the i] masses 

The most general renormalizable Higgs potential, invariant under D§ x Z 2 x Z 2) is given 
by 3 



where 



Vfarj) = V 1 [<f>;4,4,\i,...,\t) + V 1 [ m »l»l\l...,\l)+V 2 [ ( f>,r ] ], (5) 



(6) 



V r i[0;/ii,/i 2) Ai,...,A 7 ] 

= - ^(405) + v 3 [(^4>), (0V); Ai, A 2 , A 3 ] 

+\i(4<PsM<Pi) + \ 5 (4<PiM<Ps) + [A 6 (0^/) 2 + /i.e.] + A 7 (0^0 5 ) 2 , 

= V^i^ (f)), (rfri); K!, k 2 , k 3 ] 

+K 4 (4>l(f)s)(vhi) + K 5(<f>\<f>i)(VsVs) + K<i(4>l<l>s)(VsVs) 
+ { V 3 [{$r}), {$rj)] k 13 , k 14 , ki 5 ] 

+Kie(0W)(^W) + K 17(0^5)(</>}^5) + «is(0s»7s)(0W) + ^-c } , (7) 



See also for instance 



24|. 
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and I runs from 1 to 2. Here V3 is defined as 



V^B),{&D)-K U K2^\ 
= K^AlBj^ClDj) + K2(A\(i<T 2 )ljBj)(Cft K (i<T2)ljD L ) 

+k 3 [ (Af(t7i) JJ Sj)(c4( < 7i)i J D L ) + (Alia^uBj^C^a^uDL) ], (8) 

where A, B, C and D are SU (2) L doublets and belong to 2' of D e , and (^f?) is an SU(2) L 
invariant product. As we can see from (j7]) and (jHJ), an exact lepton number f/(l)^ invariance 
emerges in the absence of k 13 ~ k 18 , where the right-handed neutrinos rij and are 
neutral under U(l)' L in contrast to the conventional seesaw models [251 ] . This forbids 
the neutrino masses, so that the smallness of the neutrino masses has a natural meaning. 
Therefore, the radiative neutrino masses will be proportional to these Higgs couplings. 
We assume that (/ii) 2 , (/>>) 2 < so that 

< Vs >=< Vi >= (9) 



corresponds to a local minimum of the scalar potential (J5J) . This is the essence of refs. |4|, |5| 
to connect the neutrino masses and the nature of CDM, because Z2 remains unbroken. We 
further observe that the scalar potential (jSD has an accidental symmetry S^: 

01,7/1 <-> 02,7/2, (10) 

while the D e singlets Higgs fields 0$ and vs remain unchanged. This symmetry ensures that 

if (^) 2 , (/4) 2 > 0, 



< 0, >=< 2 > = UD <' and < S >= VS, r (11) 





can correspond to a local minimum of the potential, suggesting an appropriate field redefi- 
nition 4 

0± = 4|(0i ± 2 ) , V± = ^(t/i ± 7/2). (12) 

A consequence of ([9]) is that rj's do not mix with 0's in the mass matrix. Furthermore, 
because of the absence of the (f>s ( t ) iVsVi type couplings, rj± and r/s dot not mix with each 
other. Keeping these observations in mind, we can write down the mass terms for 77's as 

= - E [ + \ K) 2 v^ + \ H)\TxT 

a=+-,S L 

+ (m^) 2 V^ ) ], (13) 



The tree-level W boson mass constraint is (vfj + Vg) = v 2 ~ (246 GeV)^ 
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where r/ ) (= {t]^ + ')*) , T]^ ' and x^ are SU(2)l components of?], i.e. 



V 



(/)+i X (0) )/V2j 



(14) 



Since the neutrino masses will be proportional to the U(1)' L violating Higgs couplings K43 ~ 
«i8, we may assume that they are small. In the absence of these Higgs couplings, there will 
be no mixing of the scalar and pseudo scalar components of the neutral rj's, i.e., m^ 1 = 0, 
and = m^. In general, even though it is small, there exists mixing: 



cos 7 a r) a + sin7 a Xa , xT = ~ sin7 a r} a + cos7 a x a , (a = ±,S), 



(15) 



where fj a and Xa are mass eigenstates. We denote their masses by and m*, respectively. 
The difference (m^) 2 — (m*) 2 will be proportional to the U(1)' L violating couplings, and we 
find that 
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where 

f 2[(Re?j D ) 2 - (lmv D ) 2 }(ReK 13 + ReK 15 ) + 2[(Rev s ) 2 - (lmv s ) 2 }ReK 16 
+4Ref/jImf£)(Imfi; 1 3 + Im/t 15 ) + 4Ret>sImt>,sImfi; 16 

2[(Ret> D ) 2 - (Im?j D ) 2 ](ReKi4 + Re/eis) + 2[(Re?j s ) 2 - (Im?j s ) 2 ]ReKi 6 
+4Ref/jImf7j(ImK 14 + Im/t 15 ) + 4Rei>,sImt> > sImfi; 16 

2[{Revo) 2 — (Imt>£)) 2 ]-ReKi7 + 4Ref/jImf/jIm«;i7 
+2[(Re-U5) 2 — (Imus) 2 ]ReK 18 + 4RevsInry,sInm 18 

2Rew j Dlm?j j D(Refi;i3 + Re^is) + 2RefsImws'Refi;i 6 
-[(Rev D ) 2 - (Im?j D ) 2 ](ImKi3 + Inuci 5 ) - [(Rev s ) 2 - (Imw s ) 2 ]Imfi; 16 

2Ret>/jInry D (ReKi 4 + ReK 15 ) + 2Ret>,gImi; > gRefi;i 6 
-[(Ret> D ) 2 - (Inru£>) 2 ](IniKi 4 + Inuc 15 ) - [(Re^) 2 - (Im?;s) 2 ]ImKi 6 

2Reui)Imw7jReKi7 + 2RefsImt>sReKi8 
-[{Rev D ) 2 - (Im?j D ) 2 ]Imfi; 17 - [(Rev s ) 2 - (Imi7 S ) 2 ]Im/t 18 

for a = +, — , S. As we will see below, the absence of the mixing among i]± and rjs is 
responsible for the reason that the neutrino masses and mixing of the present model have 
the same structure as that of the S3 model of ref. [271 ]. 



[m 



RIV2 
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III. LEPTON MASSES AND MIXING 



A. CP phases 

Let us first figure out the structure of CP phases. To this end, we introduce phases 
explicitly as follows: 

Va - j Pva Va (a = 2, 4, 5) (17) 

for the Yukawa couplings, where we assume that the possible phases coming from the VEVs 
of (f>'s are absolved into the Yukawa couplings. The y's on the right-hand side are supposed 
to be real and — 7r/2 < p's < tt/2, and similarly for the fields 

U -> e vpL Lj , L s -> e ipL sL s , e] -> e ipe ej , e£ -> e ipe «e£, 

ni _> e ipn n/ , n s -> e ip "s n>s . (18) 

The phases of the right-handed neutrinos are used to absorb the phases of their Majorana 
masses M 4 and M s . The phases of y 2 , y$ and y 5 can be rotated away if 

= PL + Py 2 + Pe , = p Ls + p y4 + p e , = p L + p y5 + £> es (19) 

are satisfied. So, only one free phase is left, which we assume to be pl- We will use this 
freedom to make certain entries of the one-loop neutrino mass matrix real. After that no 
further phase rotation which does not change physics is possible. 



B. Charged fermion masses 



The charged lepton masses are generated from the S2 invariant VEVs (jTTj) , and the mass 
matrix becomes 

M e = m 2 m 2 m 5 , (20) 
1 m 4 m 4 J 



where 



m 2 = \v D y 2 \/2,m 4 = \v D y 4 \/2,m 5 = \v D y 5 \/2. 



(21) 



All the mass parameters appearing in fl20|) can be assumed to be real. Diagonalization of 



the mass matrices is straightforward. The mass eigen values are approximately given by [2 71 ] 

(m 4 m5) 2 
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m 2 = 2[ (m 2 ) 2 + (m 5 ) 2 ] + 
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+ 0((m 4 ) 4 ). 



(22) 
(23) 
(24) 
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Concrete values are given as 7774/7775 ~ 0.00041 and 7772/7775 ~ 0.0596 and 7775 ~ 1254 MeV to 
obtain m e = 0.51 MeV, m M = 105.7 MeV and m T = 1777 MeV. The diagonalizing unitary 
matrices (i.e., Uj L lSA e U e fi) assume a simple form in the m e — > limit, which is equivalent to 
the m.4 - ► limit. We find that U e i can be approximately written as (26| 
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In the limit m e = 0, the unitary matrix U e i 



( -l/y/2 l/v / 2\ 

l/y/2 l/y/2 

1 



(26) 



which is the origin of a maximal mixing of the atmospheric neutrinos. 



C. Radiative neutrino masses 



VL N VL 

FIG. 1: One-loop radiative neutrino mass. 

i—i 

The neutrino mass matrix is generated from the one-loop diagram fig. [1] [4] and is given 



by 



= E E ( YVa )u^ ua y^ a {M k \ (27) 

a=±,S k=l,2,S 
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where 
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The Yukawa matrices, m^ ,x , 7 a and Am 2 are defined in (j3J), J 
tively. (Recall that Mi = M 2 because of the D e symmetry.) 
Using the explicit form of the Yukawa matrices we obtain 

/ G+^M^hl 

G + (M x )hl G-(M 1 )h 2 h 4 

G-{M 1 )h 2 h 4 G+(M 1 )hl + T s (M s )hlJ 



(28) 
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(31) 

, PJ), (US]) and (USD, respec- 
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1 - (m^/M fe ) 5 







V 



(32) 



where 



G ± (M 1 ) = T + (M 1 )±T-(M 1 ). 



(33) 



At this stage we recall that the phase pi was left undetermined (see ( Fl9|) ), and so we use 
it to make the (1, 1) and (2, 2) entries of Ai u real. Then (2, 3) and (3, 2) entries of Ai u can 
be made real by multiplying a diagonal phase matrix 



/ 1 \ 
P = 1 

i exp(zp) y 

with M. v from left and right, and we can rewite the neutrino mass matrix as 

/ 2(p 2 ) 2 
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where p is an independent parameter and enters into the definition of the neutrino mixing 
matrix Vmnsi an d the p^s in (I35p are real numbers. One can convince oneself that can 
be diagonalized as ll|, EtJ 
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where 

/ l\ 



-S12 ci 2 e^ 



(37) 

\ c 12 e-^ s 12 / 

sin 02 = "V sin 0i , 2y? 3 = 0i + 2 (38) 
m U3 = 2pl = pi (39) 

p|sin2<y9 3 

tm ^ = 2( A + A)+P 1 C0S 2W (4< " 
and C12 = cos6 l 1 2 and si 2 = sin6 ) i 2 . We also find that 

, 2a (m^ 2 - m 2 3 sin 2 ^f' 2 - m U3 \ cos<p u \ 

tan 0i2 = — — — . 2 7 m/2 i 1 T7' (. 4 -U 

(m^ - m 2 3 sin ^j 1 / 2 + cos <p v \ 

from which we obtain 

(l + 2t\ 2 + t\ 2 -rt\ 2 f 2 
Am 2 3 4t 2 2 (l+t 2 2 )(l + t 2 2 -rt 2 2 )cos2^ t&n ^ ^ 

~ — 2 ^ tan 2 0j, for |r| << 1, (43) 

sin 26*12 cos 2 <\> v 

where t\ 2 = tan#i 2 ,r = Am 21 /Am 23 . It can also be shown that only an inverted mass 
spectrum 

m U3 < m yi ,m U2 (44) 

is consistent with the experimental constraint |Am 21 | < |Am 23 | in the present model. Note 
that eq. fl39l is satisfied for 

2y?3 = 0i + 02 ~ ±vr (45) 

and not for 0i ~ 2 . That is, if 2ip 3 ~ then cos0i < (>)0 and cos 02 > (<)0. 

Now the product U\ L PU V defines the neutrino mixing matrix Vmnsj where P is defined 
in ([3lD. We find 

|(^mns)i 3 | = + 0(m e mJm 2 T ) ~ 3.4 x 1(T 3 , (46) 

V2m M 

1 1 

|(^mns) 23 | = - ? = + 0((m e /m^) 2 ), |(\/ MN s)33| = — . (47) 

So the mixing of the atmospheric neutrinos are very close to the maximal form 5 . A 
reparametrization independent indicator for CP violation in neutrino oscillations is the Jal- 
skog determinant, which is given by 

|J| = |Im [(Vmns)22(Vmns)33(^MNs)23(^MNs)32]| 
Tfl 

sin 2(6*12) sin(p — <j) u ) + 0{m e m ll /m 2 T ) < 3.5 x 1(T 4 (48) 



5 Unfortunately, this value of |(Vmns)i3| is too small to be measured [2 
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in the present model. 

The effective Majorana mass < m ee > in neutrinoless double (3 decay is given by 



where 



\m Ul c\ 2 + m V2 s\ 2 exp i2a> 



i=i 



(49) 



sin 2a 



sin 



m U3 sm i 



™>lo - m L sin2 4>u + 



m vi — m l 3 sm2 1 



(50) 



for 2f2 ~ ±71", and 0i, 02 and </>j, are defined in fl39|) . In fig. 2 we plot < m ee > as a function 
of sin0„ for sin 2 #i 2 = 0.3, Am^ = 6.9 x 10" 5 eV 2 and Am| 3 = 1.4,2.3,3.0 x 10" 3 eV 2 



29f| . As we can see from fig. [2J the effective Majorana mass stays at about its minimal 
value < m ee > m i n for a wide range of sin0„. Since < m ee > m i n is approximately equal to 



a/ Amy sin 2#i2 = (0.034 — 0.069) eV, it is consistent with recent experiments [2, [30]. 




0.9 1 



FIG. 2: The effective Majorana mass < m ee > as a function of sin^ with sin 2 #12 = 0.3 and 
Am|i = 6.9 x 10 -5 eV 2 . The dashed, solid and dot-dashed lines stand for Am| 3 = 1.4,2.3 and 
3.0 x 10~ 3 eV 2 , respectively. The Am§i dependence is very small. 



IV. fi -» e7 CONSTRAINT 

The Z 2 even neutral components of the Higgs fields <pi have treedevel FCNC couplings 
in the lepton sector as we can see from (j3J). Since the Yukawa couplings y 2 ,2/4 and y$ are 
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related to the charged lepton masses (see (I2T]) ). they are very small. As a consequence, the 
tree-level FCNCs are well suppressed in the present model, as it is shown in ref. 27|. The 
one-loop /i — > cy amplitude mediated by (pj is negligibly small, too, because of the same 
reason. In the following discussions, therefore, we consider \i —>■ ey mediated only by the r\ 
exchange. 

To this end, we express the Yukawa couplings in terms of the mass eigenstates. We use 
the approximate unitary matrix (1251) for the charged leptons, and we find the Yukawa terms 
relevant for /i — > &y are given by 



where 



and 



y 



Y ± = U^ L (Y U ± Y )/v2 , Y b = Vi L Y 

( {h 4 - 2e e h 2 )/V2 h 4 /^2 \ 
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e e /i4 h 2 — e e /i 4 , 

-h 2 J 

( h 3 \ 

2e e = m e jm ii ~ v^sin^ig ~ 0.0048). 



(51) 
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(53) 



(54) 
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\0 J 

The inert Higgs fields f]±,i]s and the Yukawa matrices Y^'s are defined in ffl2l and 
respectively. 



(55) 



7 



,(±) 




n 



FIG. 3: One-loop diagram for /i — > cy. 



Using the Yukawa interaction term (|5T|) . we then compute the branching fraction of 
fi — ► e7 from fig. El and find 

3a 



B(^^ ery) 



6AnG 2 F 



X A ~ |X 2 900 GeV 2 ! 2 



(56) 
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where 



4'*2 



V2 



F 2 {M 2 jm\) F 2 (M 2 /m 2 



m 



rat 



+ h 



m e F 2 (M 2 /m 2 



and 



1 — Qx + 3x 2 + 2x 3 — 6x 2 In x 
6(1 -xY ' 



(57) 



(58) 



(m± and ms are the masses of r]± and T]s, respectively, which are defined in (fl2j) .) We recall 
that Mi = M 2 because of the D e symmetry. As we see the third term of (1571) contains a 
suppression factor m e /m^. There is no suppression factor like m e jm il for the first two terms 
in (|57p . but there are two cancellation mechanisms, where these two mechanisms can be 
combined. The first one takes place if M\ » m + , m_, for which the leading terms in the 
parenthesis cancels, and one finds 

F 2 (M 2 /m 2 + ) F 2 (M 2 /m 2 _) 



m 



m_ 



Mf [ 6 



1 1 

LL /■ 2 2 \ 

— [m — m + ) 



m 2 _ \n{M 2 Jm 2 _) + m\ \n(M 2 /m 2 + ) + 0(1/M 2 



(59) 



The second one is obvious because of the relative sign in ( 159]) : it cancels exactly if m + 
The second possibility appears naturally for relatively heavy i]±, because m 2 



-m 



m,-. 
0(X)v 2 

as we can see from the Higgs potential (jSJ). To get an idea on the size of the suppression we 
compute the branching fraction for Mi = 2 TeV, m + = 700 GeV and m_ = 750 GeV, and 
find 



B(n -> ery) ~ 1.6 x 10" 12 , 



(60) 



where we have neglected the contribution coming from the third term in ([571) and used 
\hji 2 \ = 1. This should be compared with B(fi — > e7) ~ 1.1 x 10 -9 , which one would obtain 



in the absence of the second term in the parenthesis. As we see from ( 1581 the function 
F 2 (x) can vary between l/12(x = 1) and l/6(x = 0) for x < 1. From this we can roughly 
estimate the lower bound of ms for the case that rig is a CDM candidate, i.e., Ms < ms- 
We find that m s > O(300) GeV for F 2 ~ 1/12 and /i 3 ~ 0.93 should be satisfied to satisfy 
B(fi -> e7) < 1.2 x 10 -11 . 

Now, suppose that CDM is fermionic. From Table I we see that only D 6 doublet and 
singlet right-handed neutrinos, i.e. rij and ns, come into question. If nj are CDM, then 
Mi < m± should be satisfied. (Otherwise nj would decay into r]±.) As we can find from 
( 1571) . we have to impose a fine tuning of the form 



(m 2 + — m 2 )/m\ < (m + /500GeV) 2 x 10" 



(61) 



500 



to sufficiently suppress \i — > ey in this case. This means that, for instance, if m 4 
GeV, then m_ should be within 500 ± 5 GeV. Therefore, it is more natural to assume that 
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Mi > m± to suppress fi — > erf. Then only the D§ singlet right-handed neutrino n$ remains 
as a fermionic CDM candidate. As we can see from the Yukawa matrices (|53p . (|54|) and 
( 151)]) . only rjs couples to n s with e L and with fi L , where the coupling with \i L is suppressed 
by m e /m M ~ 0.005. Therefore, there would be a clean signal if the charged component of rjs 
were produced at LHC. In the next section we will investigate whether or not the \x — > <57 
constraint above is consistent with the observed dark matter relic density Vt^h 2 ~ 0.12 [2j 
assuming that is CDM. 



V. COLD DARK MATTER 

Here we would like to investigate whether or nor ns can be a good CDM candidate. For 
simplicity we assume that ms — m§ ~ m s >> m^ 1 (which are defined in ( |T3|) ). that is, 
the breaking of U(1)' L by the VEV (ITTi) is small (which is needed to obtain small neutrino 
masses). To obtain a thermally averaged cross section for the annihilation of two n^'s, we 




FIG. 4: Annihilation diagram of ns- 



compute the relativistic cross section a from fig. H] and expand it in powers of the relative 
velocity v of incoming ns 31]. Note that the r)± exchange diagrams are suppressed, which 
one sees from the Yukawa matrices (1531 and (j5"4"j) . Lepton number violating diagrams being 
proportional to Am 2 in (1161) are also very small. So they are annihilated mostly into an 
e + — e~ pair and a v T — v T pair. 



Using the result of ref. 



31 



we find in the limit of the vanishing lepton masses 



av = a + bv + 



r = M 2 S / {m 2 s + Ml 



0,6 



h 3 \ V(l - 2r + 2H 
24vrM| 



Then we can compute the relic density of ns from 32 

YooS Ms 



n d h 2 



pjh 2 



with Y^ 1 = 0.264gl/ 2 M pl M s {3b/x 2 f ) 



(62) 
(63) 

(64) 
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where is the asymptotic value of the ratio n ns /s, so = 2970/cm 3 is the entropy density at 
present, p c = 3H 2 /8tcG = 1.05 x 10~ 5 /i 2 GeV/cm 3 is the critical density, h is the dimension- 
less Hubble parameter, M p i = 1.22 x 10 19 GeV is the Planck energy, and g* is the number 
of the effectively massless degrees of freedom at the freeze-out temperature. Further, Xf is 
the ratio M$/T at the freeze-out temperature and is given by 32] 

0.0764M pi (6&/x/)c(2 + c)M s 



Using g 



1/2 



10 and c 



x f 

= 1/2 

M s 
GeV 
b 

GeV 1 



32 



In 



we obtain 



(g*x f ) 



1/2 



(65) 



5.86 x 10 8 x^ 2 (expxf 
0.12 



n d h 2 

0.12 



2.44 x 10~ n x 2 f 



where b is given in fl62l) . 



600 



~i — i — i — r 



i — i — i — r 



i — i — i — r 



i — i — i — r 



(66) 
(67) 



~i — i — i — r 



~i — i — i — r 



500 



400 



> 

£ 300 



200 




700 



m s [GeV] 



FIG. 5: M s versus m s for \h 3 \ = 1.3 and fl d h 2 = 0.1 3 (dot-dashed), 0.1 2 (solid) and O.ll(dashed). M s and 
ms denote the masses of the CDM ns and the Dq singlet neutral Higgs, respectively. 

Since &/l^3| 4 i s a function of Ms and ms, eqs. (|66|) and f|67|) give Ms and ms in unit 
of GeV for a given set of \hs\ 2 ,Xf and Qdh 2 . In fig. [51 Ms against ms is plotted for 
tt d h 2 = 0.13 (dot-dashed), 0.12 (solid) and O.ll(dashed) Q, where \h 3 \ is fixed at 1.3. We see 
from the figure that the dark matter mass Ms and the Dq singlet Higgs mass ms should be 
closely related with each other to obtain an observed relic density of dark matter. We plot 
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in fig. El Ms against ms for y = 0.3, 0.5, 0.7, 1.0. As we can see also from the figure, the 
dark matter constraint requires that the dark matter mass Ms increases as the Higgs mass 
ms increases and reaches at its maximal value ms at a certain value of ms- We see that 
ms can not exceed ~ 750 GeV for the perturbative regime \hs\ < 1.5. Therefore, it is by 




100 200 300 400 500 600 700 800 

m s [GeV] 

FIG. 6: Ms versus ms at fldh 2 = 0.12 for \h^\ — 1.5, 1.3, 1.0,0.7. Ms < ms should be satisfied because ns 
is assumed to the CDM candidate. 

no means trivial to satisfy the /i — > e'j constraint. In fig. [7] we present the allowed region 
in the ms — Ms plane, in which Vt^h 2 = 0.12 and B(fi — > e'j) < 1.2 x 10" 11 are satisfied, 
where we assume \h 3 \ < 1.5 and only the last term in X 2 of (15T1) contributes to fi — > cy. If 
we allow larger \hs\, then the region expands to larger ms and Ms, and for \h^\ ^ 0.8 there 
is no allowed region. As we can also see from fig. [3, the mass of the CDM and the mass of 
the inert Higgs should be larger than about 230 and 300 GeV, respectively. If we restrict 
ourselves to a perturbative regime, they should be lighter than about 750 GeV. 

VI. CONCLUSION 

We have assumed that two important issues, the origin of neutrino masses and the nature 
of CDM, are related, and considered a non-supersymmetric extension of the standard model 
with a family symmetry based on D e x Z 2 x Z 2 . The gross structure of the Yukawa couplings is 
fixed by D 6 , while Z 2 is responsible to suppress FCNCs in the quark sector, e.g. in the mixing 
of the neutral meson systems. They are spontaneously broken together with SU(2) j, x U(l)y ■ 
The remaining Z 2 is unbroken; it forbids the tree-level neutrino masses and simultaneously 
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FIG. 7: The region in the m s - M s plane in which Vl d h 2 = 0.12, B(p -> ej) < 1.2 x 10" 11 and \h 3 \ < 1.5 



are satisfied. 



ensures the stability of CDM candidates. From the assumption that CDM is fermionic we 
can single out the D 6 singlet right-handed neutrino as the best CDM candidate. We find that 
the D 6 singlet inert charged Higgs with a mass between 300 and 750 GeV has a tree-level 
coupling to the electron, the muon and the tau with the relative strength (1, m e /m^, 0), 
respectively. The lower value results from the /x — * constraint, while we obtain the 
upper value from the assumption that the Yukawa sector remains within a framework of 
perturbation theory. (This assumption is refelected on the condition Ms < ms-) From this 
observation we have concluded that the charged Higgs decays mostly into an electron (or a 
positron) with a large missing energy, where the missing energy is carried away by the CDM 
candidate. This will be a clean signal at LHC. 
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